Introduction
Myelination of the brain starts at the second trimester of gestation and continues throughout life. Post mortem studies have demonstrated that myelination continues into the second to third decade of life. It follows a caudal to rostral and a posterior to anterior pattern and proceeds rapidly up to two years of age. Cranial nerves are the first to myelinate, while myelination of white matter tracts carrying sensory information precede to those carrying information relating to movement. The myelination process affects dramatically tissue contrast and changes in the MR appearance of the developing brain have been described initially in conventional sequences. These sequences offer anatomic information and assess macroscopic structural changes of the brain. With the larger application of Diffusion and Magnetization Transfer imaging, a semiquantitative evaluation of the myelination process has been performed and regional age related changes of the mean diffusivity (MD), the apparent diffusion coefficient (ADC), the fractional anisotropy (FA) and the magnetization transfer ratio (MTR) of developing brain have been described. These techniques assess microstructural changes of the brain.
Conventional MRI
T1 and T2-weighted sequences represent the standard imaging protocol but FLAIR sequences have also been used by some authors. Myelination related changes of the brain are better evaluated with T1-weighted sequences during the 6-8 months of age while T2-weighted sequences provide better information between 6-18 months of age. Myelinated brain areas appear with high signal intensity on T1-weighted images and with low signal intensity on T2-weighted images. T1 shortening has been associated with the increase in cholesterol and glycolipids and a decrease of free water. T2 shortening has been explained by myelin tightening and magnetization transfer phenomena due to changes in water distribution. In the full term baby at birth the dorsal brain stem, the inferior and superior cerebellar peduncles, the posterior limb of the internal capsule appear myelinated in both T1 and T2-weighted images. By 1-2 months of age the optic tract up to the optic radiations and the white matter of the precentral and postcentral gyri appear myelinated in both T1 and T2-weighted images. Myelination of the cerebellum appears complete by the age of 3 months in T1-weighted images and by the age of 18 months in T2-weighted images. Myelination of the cerebrum appears almost complete by the age of 8 months in T1-weighted images and by the age of 22-24 months in T2-weighted images. The splenium of the corpus callosum appears myelinated at about 4 months in T1 and at about age of 6 months on T2-weighted images. The genu appears myelinated by the age of 6 months in T1 and by the age of 8 months in T2-weighted images. Assessment of myelination with FLAIR imaging reveals a biphasic pattern: the initial phase is similar to that seen in T1-weighted images and the second phase similar to that seen in T2-weighted images. More specifically the myelinated white matter appears hyperintense at birth and decreases in signal with time, reaching a low signal intensity at 50 weeks of age.
Magnetization Transfer Imaging
MT imaging offers tissue contrast depending on the presence of restricted macromolecular protons. These protons, although "invisible" with classic MR sequences, affect indirectly image contrast by exchanging longitudinal magnetization with free water protons. MT techniques, by using either an on-resonance or an off-resonance radiofrequency prepulse, saturate preferentially the restricted protons since the latter have a broad spectral line compared to the free water protons. While the restricted macromolecular protons are held in a state of saturation the equilibrium longitudinal magnetization of the free water protons decreases exponentially to a lower value with a new lower time constant (T1sat). This simultaneous reduction of T1 and of longitudinal magnetization, has an opposite effect on tissue signal and T1-weighted sequences could result in an underestimation of the MTR by 50%. Thus MT imaging is preferably applied on proton density sequences. The efficacy of transferring the magnetization is quantified by the magnetization transfer ratio (MTR). Age related changes of the MTR in white matter follow an exponential pattern of increase. MTR changes of the brain have been related to the presence of myelin since experimental important increase in the number of oligodendrocytes, an increase in conduction velocity and changes in Na + / K + -ATPase activity. This increase in anisotropy take place in the absence of T1 and T2 changes and represent the earliest indication of impending myelination. During infancy and early childhood FA values increase by 200% and MD values by 40% with the bulk of the changes occurring during the first two years. Between 5-30 years the FA increases following an exponential curve in almost all white matter structures reaching a plateau at late teens or twenties.
A linear pattern of increase is observed at the uncinate fasciculus while there is a lack of age related changes in the fornix, the corona radiata and centrum semiovale. FA of the corpus callosum increases faster than that of frontotemporal connections.
Anisotropy changes are mainly related to age related increases of transverse diffusivity with the longitudinal diffusivity remaining almost stable over the years. Isotropic diffusion follows an exponential pattern of increase in all white matter structures but the corticospinal tract which follows a linear pattern.
The general pattern of posterior to anterior myelination is observed in the corpus callosum with the splenium reaching a plateau of isotropic diffusion earlier than the genu. Overall there is a considerable variation in anisotropic and isotropic diffusion with the fronto-temporal connections and the gray matter structures maturing more slowly and exhibiting larger changes than major white matter tracts. These findings are suggestive that the white matter wiring is laid down earlier followed by reprogramming of the deep gray matter relay stations.
In conclusion: The progress of myelination in the brain can be studied with conventional MRI which offers anatomic information and with MT and diffusion imaging which offers microscopic information. A general pattern of myelination progress, from posterior to anterior and from inferior to superior is found with all techniques. studies have demonstrated that the MT effect for myelin water is much larger than that for intra/intercellular water. The general pattern of brain myelination is also reflected on MTR changes: the splenium of the corpus callosum reaches the 95% of its final value earlier than the genu and the occipital lobes earlier than the frontal lobes.
Diffusion Imaging
Molecular diffusion results from the random motion of molecules known as brownian motion. Restricted diffusion occurs when Brownian motion is restricted by obstacles such as cellular membranes and myelin sheaths. Diffusion is evaluated by adding a pair of strong gradients along a single axis to a standard pulse sequence. The first gradient dephases and the second rephases the spins except for those that have moved along the axis of the gradient. Thus where there is translation of the spins a signal attenuation occurs. When water molecules move in a random manner an isotropic diffusion results and can be quantified by indexes such as the apparent diffusion coefficient (ADC) and mean diffusivity (MD). Anisotropic diffusion occurs in presence of obstacles that restrict motion in a particular direction. Fractional Anisotropy (FA) index is a measure of the degree of directionality of diffusion. The assessment of FA has been used as a measure of white matter degeneration in many diseases as it can detect and quantify degeneration of fibers along white matter tracts. Myelination affects both isotropic and anisotropic diffusion. The latter is additionally affected by axon packing, membrane permeability to water, internal axonal structure and tissue water content. The increase of white matter anisotropy seems to take place before the histologic appearance of myelin. This premyelination state is characterized by an increase in the number of microtubule-associated proteins in axons, an increase in axon diameter an
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